Oldoinyo Lengai and the volcanic centres of the Lake Natron-Engaruka province contain melilite as a widespread mineral. Extraordinarily Na-Al-rich melilites (up to 6 wt.% Na 2 O and 9 wt.% Al 2 O 3 ) from recent explosive eruptions are among the most Na-rich ever reported. Their unusual mineral composition leads to optical properties with vivid birefringence colours of 2nd order. The continuous variation in mineral composition from common åkermanite to Na-Al-melilite (alumoåkermanite) is documented and reflects the whole peralkaline trend of Oldoinyo Lengai. The data presented allow the volcano's evolution from primitive olivine melilitites to highly evolved and peralkaline combeite-wollastonite nephelinites to be traced. Melilite compositions of Oldoinyo Lengai extend the magmatic field in the Ca 2 Fe(Si 2 O 7 )-Ca 2 Mg(Si 2 O 7 )-(CaNa)Al (Si 2 O 7 ) end-member ternary compositional diagram.
Introduction
Oldoinyo Lengai is the only active carbonatite volcano in the world and is located in the Gregory Rift Valley, the northern Tanzanian sector of the East African Rift System, approximately 20 km south of Lake Natron (Fig. 1) . The volcano is famous for its unique low-temperature and lowviscosity natrocarbonatites (Keller and Krafft, 1990; Peterson, 1990; Zaitsev et al., 2009 ). However, the 3000 m high cone is made up of predominantly silicate lavas and pyroclastics (Donaldson et al., 1987; Dawson et al., 1989; Dawson, 1998; Klaudius and Keller, 2006) . Phonolites dominate the southerly Lengai I (Klaudius and Keller, 2006) . The cone of the superimposed Lengai II developed after a major cone collapse of Lengai I (Klaudius and Keller, 2006) , which occurred ≥10,000 years BP (Klaudius and Keller, 2004; Kervyn et al., 2008) with related debris avalanche deposits extending about 25 km north into Lake Natron. Lengai II is characterized by its extremely peralkaline combeitewollastonite nephelinites, the most recent of which are melilite-bearing, especially the products of the 1940/41, 1966/67 and 2007/08 eruptions (Dawson et al., 1992; Mitchell and Dawson, 2007; Keller et al., 2010) .
In historical times several explosive eruptions interrupted the natrocarbonatite effusive activity, erupting mixed silicate-carbonate ashes (Dawson et al., 1968 (Dawson et al., , 1992 and carbonated silicate ashes and lapilli, as in the recent activity phase from September 4th of 2007 through the early summer of 2008 (Mitchell and Dawson, 2007; Vaughan et al., 2008; Reusser and Mattsson, 2008; Keller and Klaudius, 2008; Keller et al., 2010) .
Melilite-bearing rocks are widespread, not only in the products of Oldoinyo Lengai itself but also from eruption centres in close vicinity to the volcano, and therefore play an important role in the petrological evolution of the volcanic centres of the Lake Natron-Engaruka province. High-Mg olivine melilitites closely related in time and space with the recent Oldoinyo Lengai evolution are described in detail (Dawson et al., 1985; Keller et al., 2006) as the only candidates in the area for primary melt compositions according to Mg# and compatible trace elements. Based on the spatial relation to the main Lengai cone, we group Dorobo Cone, Oltatwa Crater, Kirurum Crater and the Nasira Cones as parasitic centres of Oldoinyo Lengai itself (Fig. 1) . Armykon Hill, Lalarasi Cone and Loolmurwak Crater belong to the rift valley floor centres in the Gelai-Kerimasi-Lengai sector which is pockmarked and pierced by tuff cones and craters forming a monogenetic volcanic field of mostly olivine melilititic composition, some connected with lava flows (Dawson and Powell, 1969; Dawson et al., 1985; Keller et al., 2006; Nandedkar, 2008) . Melilite-bearing lavas also occur in the rift escarpment lava series (Neukirchen et al., 2010) for which an eruption age between 3.2 and 1.2 Ma is suggested (Bagdasaryan et al., 1973; Dawson et al., 1992; Foster et al., 1997) .
The peralkaline characteristics of the Oldoinyo Lengai evolution are already pronounced in the most primitive olivine melilitites . However, a large compositional gap divides the highly evolved, low Mg# phonolites and combeite-wollastonite nephelinites from the high-Mg# primitive olivine melilitites (Klaudius and Keller, 2006) .
Occurence and petrography of melilitic rocks at Oldoinyo Lengai
The dominant silicate volcanics of the cone of Oldoinyo Lengai, the phonolites of Lengai I, and the combeite-wollastonite nephelinites of the main Lengai II units are generally free of melilite (Dawson et al., 1996; Klaudius and Keller, 2006) . However, our field studies have also revealed that melilite is an important constituent of a number of the younger rocks of Oldoinyo Lengai. Melilite occurs in the spherical lapilli and ashes of the 1966/67 and pre-1966 explosive eruptions, as well as in the ashes correlated with the 1940/1941 eruption (Wiedenmann, 2004; Keller et al., 2010) . Idiomorphic melilite crystals up to 1.5 cm in size related to these deposits have been found in unconsolidated ashes in the stratigraphic higher levels of the volcano (Wiedenmann et al., 2009) .
The melilitic rocks sampled for this study are classified as primitive olivine melilitites, intermediate melilite nephelinites, and highly evolved combeite-and wollastonite-bearing melilite nephelinites (Tables 1 and 2 , Appendix A). The olivine melilitites (Mg# from 70 to 59) have been described by Keller et al. (2006) , including the high-Mg# olivine-melilite nephelinite from Loolmurwak crater. Keller et al. (2006) also give chemical bulk rock composition for the olivine-free melilitites of Kirurum Crater, with Mg# of 51.4 explained as fractionated from olivine melilitites Table 1 ). The most primitive rocks found around Oldoiyo Lengai with Mg# up to 70 are the olivine melilitites of the minor volcanic centres Dorobo Cone, and Lalarasi ( Fig.1) , all highly porphyritic volcanic rocks with forsteritic olivine and åkermanite as major phenocrysts and microphenocrysts phases, accompanied by perovskite and opaque spinel group minerals. Clinopyroxene is not a common phase in olivine melilitites, although sparse phenocrysts are found. Euhedral melilite appears with simple tabular habit showing well-developed {001} faces and typical 1st order anomalous blue interference colours .
The combeite-wollastonite nephelinites (CWN) of the younger evolution of Oldoinyo Lengai are all highly evolved, with Mg# b30 (Donaldson et al., 1987; Klaudius and Keller, 2006) . Also, the ashes and lapilli from the 1966/67 and pre-1966 explosive eruptions are characterized as melilite-bearing combeite-wollastonite nephelinites of the sub-recent Lengai II activity. They can be grouped under Dawson's Unit III, the young Black-Tuff-and-Agglomerates (Dawson, 1962; Dawson et al., 1989) . The highly evolved, olivine-free melilite-nephelinitic spherical lapilli of the recent Lengai eruptions are melt-coated crystals with mainly Na-and Al-rich åkermanite and alumoåkermanite (Wiedenmann et al., 2009 ), nepheline, aegirine-augite, and occasionally combeite and wollastonite, forming the lapilli cores. Microcrysts of the matrix are nepheline, melilite, aegirine-augite, combeite, and spinel group minerals, and sporadic wollastonite, melanite, titanite, and sodalite. These melilites all show exceptionally vivid birefringence colours of 2nd order in normal 30 μm thin sections (Fig. 2) .
The recent explosive activity of September 2007 and the following months produced juvenile lapilli and ashes with the composition defined as carbonated combeite-wollastonite-melilite nephelinite . A further unit with melilite as an essential component is Dawson`s Unit II: the Biotite-Pyroxene-Tuffs (Dawson, 1962; Dawson et al.,1989) . These tuff breccias are characterized by up to several cm diameter megacrysts of olivine (forsterite), biotite (phlogopite), and pyroxene (diopside and aegirine-augite), referred to here as Olivine-Biotite-Pyroxene Tuffs or OBP tuffs (Wiedenmann, 2004) . Dawson (1998) relates these tuffs to parasitic cones of Oldoinyo Lengai. We confirm the wide distribution of black to greycoloured OBP tuffs in craters of the rift floor around Lengai, but have found coarse-grained and thick deposits of this lithology (OBP) high on the Lengai cone itself (Fig. 1 , sample OL 476) at an altitude of 2750 m (approximately 9020 ft), and on the escarpment shoulder between the cone and the Maasai settlement Naiobi. It thus appears that similar OBP tuffs forming Unit II have been erupted from some of the parasitic vents as well as from the main Lengai crater. The darkcoloured tuffs are composed of juvenile magmatic lapilli in teardrop shape, highlighting the low-viscosity of the melts. They are highly porphyritic with melilite, olivine, biotite, diopside, aegirine-augite, and nepheline as major phenocrysts and microphenocrysts, together with garnet, perovskite, and spinel group minerals. Melilite appears in the typical tabular habit with anomalous blue and sporadic yellow interference colours implying the more evolved compositions (Fig. 2 , Table 2 ).
Important to the context of this paper is the observation that juvenile components in the OBP breccias, olivine-biotite-pyroxene megacrystic lava blocks, and coated lapilli contain abundant melilite and are classified as olivine-bearing melilite nephelinites. The idiomorphic megacrysts occur in the matrix of the breccia as well as in the lava blocks. Their euhedral habit indicates that they are primary liquidus phases of the melilite-nephelinitic melt. The most important centres for these OBP melilite nephelinites are the parasitic Oltatwa http://doc.rero.ch
Crater on the lower east flank of the cone (Wiedenmann, 2004; Keller et al., 2006) and the Loolmurwak explosion crater at the southeastern foot of Oldoinyo Lengai (Fig. 1) , and also numerous of the EngarukaNatron tuff cones and centres, as for instance the Deeti Cone (Dawson and Powell, 1969; Johnson et al., 1997) which has not yet been explored in more detail. Sekenge Crater, located 15 km north of Lengai, is a maar-type explosion crater carved in the escarpment above Engare Sero village and has erupted biotite-bearing melilitite tuffs (Finkenbein, 2005; Neukirchen et al., 2010) .
Analytical techniques

Electron microprobe
Electron microprobe analyses were performed by the wavelengthdispersive spectrometry technique using a Cameca SX-100 microprobe located at the Department for Geosciences, University of Freiburg, Germany. Operating conditions were 15 kV and 20 nA, with a spot size of 1 μm on single point measurements. Well characterized minerals and synthetic materials were used as standards: wollastonite (Si, Ca), rutile (Ti), anorthite (Al), fayalite (Fe), rhodonite (Mn), celestine (Sr), albite (Na), orthoclase (K), and MgO (Mg). Additional melilite analyses were obtained using a Jeol Superprobe 8800 at the Swiss Federal Laboratories for Materials Testing and Research (EMPA) in Dübendorf, Switzerland.
Mössbauer spectroscopy
Mössbauer spectra were obtained through the courtesy of Catherine McCammon (Bayreuth) on two melilite megacrysts from the recent pyroclastic rocks at Oldoinyo Lengai. The analyses refer to samples "OL mel1" and "OL mel2" in Table 2 . For both samples, Fe 3+ / (Fe 2+ +Fe 3+ ) is 0.27 ± 0.03 (Wiedenmann et al., 2009 ). These ratios are very similar to published values (Seifert and Federico, 1987) .
Compositional variation of melilite
A limited number of melilite compositions from the Oldoinyo Lengai area were published by Donaldson and Dawson (1978) , Hay (1978 Hay ( , 1989 Dawson et al. (1985 Dawson et al. ( , 1989 , Keller and Krafft (1990) , Dawson (1998) , Petibon et al. (1998) , Wiedenmann (2004) , , Mitchell and Dawson (2007) . In this work we present over 200 additional melilite microprobe analyses (Table 2 , Appendix A) ranging from Na-Al-bearing melilite from olivine melilitites to Alrich, high-Na melilites from the recent combeite-wollastonite nephelinites. Representative compositions of melilites from the Lengai cone itself and the volcanic centres around are given in Table 2 .
Melilite-group minerals have the general formula X 2 T1(T2) 2 O 7 (X = Ca, Sr, Na; T1 = Mg, Fe 2+ , Al, Fe 3+ ; T2 = Si, Al). The T2-site is mainly occupied by Si excluding a remarkable gehlenite-component, which is in agreement with other volcanic melilites (Sahama, 1967) . The T1-site is mainly occupied by Al, Fe
2+
, and Mg, the X-site by Ca and Na. The estimation of Fe 2+ and Fe 3+ concentration was based on the procedure of Droop (1987) . Melilite data are plotted in terms of the components Ca 2 Mg(Si 2 O 7 ), Ca 2 Fe(Si 2 O 7 ), and the sum of (CaNa)Al (Si 2 O 7 ) and (CaNa)Fe 3+ (Si 2 O 7 ) (Fig. 3) .
Due to the particularly high Al-content, the evolved melilites show a considerable (CaNa)(Al,Fe 3+ )(Si 2 O 7 ) component (Wiedenmann et al., 2009 ). The exceptionally high-Na-and Al-content of the evolved melilites extends the field for magmatic melilite of Velde and Yoder (1977) . The presented data show a continuous compositional variation from åkermanite to alumoåkermanite (Fig. 4) . Melilite from olivine melilitites is characterized by high MgO (up to 10 wt.%), low FeO tot (b4 wt.%), moderate Na 2 O (b4 wt.%), and Al 2 O 3 (up to 6 wt.%). Compositions from melilite nephelinites show lower MgO (down to b 5 wt.%) but higher FeO tot (up to 10 wt.%) and Lengai melilites extends the grey-coloured field for magmatic melilite of Velde and Yoder (1977) . References for published data in the text.
http://doc.rero.ch remarkably high Na 2 O (up to 6 wt.%). While most of the melilite crystals from olivine melilitites are unzoned and fall within a narrow compositional range, phenocrysts and microphenocrysts of the melilite nephelinites show normal, inverse, and oscillatory zoning, covering all compositions between sodic åkermanite and alumoåker-manite. This complex zoning pattern indicates changes of crystallization conditions, probably caused by repeated magma pulses added to the system.
With decreasing Mg#, Na increases and Ca decreases considerably and the X-site is completely occupied by Ca and Na (Fig. 5a and b) . In general, Al corresponds to decreasing Mg# and increasing Na (Fig. 5c ). Mössbauer data (Wiedenmann et al., 2009) show an average content of 1.84 wt.% Fe 2 O 3 and 4.45 wt.% FeO in the measured crystals. The location of ferric iron in synthetic soda melilite was determined by Akasaka et al. (2005) and Seifert (1988) ) in the T1-site to Na in the X-site is 1:1 (Fig. 5d) .
Discussion and conclusions
Nephelinites can be produced from a parental mantle-derived olivinemelilitic melt by the fractionation of olivine, pyroxene, phlogopite, and melilite (Onuma and Yagi, 1967; Yagi and Onuma, 1978; Peterson and Kjarsgaard, 1995; Dawson, 1998; Dawson, 2008) . The olivine melilitites in the vicinity of Oldoinyo Lengai occur late in the evolution and are of minor volume compared to the bulk of evolved phonolites and nephelinites at Oldoinyo Lengai. For the entire evolution of the Younger Extrusives in northern Tanzania, Dawson (2008) considered a repeated or cyclic occurrence of primary mantle melts as the olivine melilitites and olivine nephelinites in the Lake Natron-Engaruka province. Primary magma compositions for the initial phases of the Lengai evolution are not found in direct relationship with the volcano. Moreover, the compositional gap between olivine melilitites and nephelinites and the different isotopic signature show a complex petrological relationship (Dawson, 2008; Keller et al., 2006) . Testimony of the complex fractionation processes deeper in the crust can be seen in the large http://doc.rero.ch amounts of plutonic xenoliths, subvolcanic volcanics and cumulates ejected with the explosive eruptions (Dawson, 1962; . The volcano's temporal evolution from primitive olivine melilitites to highly evolved melilite-and combeite-bearing nephelinites is mirrored in the continuous chemical variation of the analysed melilites (Figs. 3, 4 , and 5). This covers the distinct peralkaline trend of the volcano (Klaudius and Keller, 2006) , which is already recognised in the primary olivine melilitic melts and culminates in the appearance of combeite in the younger and highly evolved melilite-bearing nephelinites . The peralkaline trend is traced in the melilite composition by an increasing Na-and Al-content with decreasing Mg# (Fig. 5) .
Our investigations show not only that most of the parasitic centres on the slopes of Oldoinyo Lengai are melilitic, but also that the main Lengai crater itself erupted melilite-bearing volcanics. The close relation in time and space between the melilitic rocks of the rift-sector and the peralkaline evolution of Lengai II (Dawson et al., 1985; Peterson and Kjarsgaard, 1995; Johnson et al., 1997; Keller et al., 2006) and the continuous chemical variation of the analysed melilites together suggest a close genetic relationship between the predominantly olivine-melilitic centres of the rift, the parasitic centres on the slopes of Oldoinyo Lengai, and meliliticnephelinitic products of the main Lengai crater. Moreover, the appearance of combeite in the spherical lapilli of the recent eruptions also suggests a close genetic relationship of the evolved Na-Al-melilite-bearing nephelinites with the combeite-and wollastonite-bearing melilite nephelinites group of Lengai II (Klaudius and Keller, 2006) .
